M
ultidrug-resistant pathogens are a severe health concern and can cause chronic infections in a variety of patient populations with limited recourse for treatment. Here, we investigate two multidrug-resistant species, Burkholderia cenocepacia and Burkholderia multivorans, of the Burkholderia cepacia complex (BCC) which are considered dangerous and difficult to treat in patients with cystic fibrosis (CF), chronic granulomatous disease, or compromised immune systems (1) . With larger genomes (8.06 Mbp and 7.01 Mbp, respectively) than many other multidrug-resistant pathogens, they also contain an expanded reservoir of genes that may assist their ability to avoid clinical eradication (2) (3) (4) . Because they are nosocomial, transmissible between patients, and also routinely acquired (and reacquired) from the environment, B. cenocepacia and B. multivorans are the two BCC species most commonly isolated from the sputum of CF patients (5) (6) (7) (8) . In patients with CF, pulmonary infection with BCC can contribute to the rapid deterioration of lung function known as cepacia syndrome, a necrotizing pneumonia that can lead to bacteremia, septicemia, and increased mortality (9, 10) . A combination of high antibiotic resistance and decreased immune function in patients makes B. cenocepacia and B. multivorans extremely difficult to eradicate once lung colonization is established (11, 12) . The potential to cause chronic infection as well as rapid decline in health makes BCC spp. clinically important emerging human pathogens.
Further complicating treatment is the variability in infection course and severity in patients infected with B. cenocepacia or B. multivorans (or occasionally both species). Compared to patients infected with Pseudomonas aeruginosa, the most common CF lung pathogen in adults, patients infected with BCC can have a substantially worse prognosis (13, 14) . Cepacia syndrome has historically been associated with B. cenocepacia, but infections with B. multivorans have on occasion also induced this syndrome (8) . B. cenocepacia causes greater mortality than B. multivorans and has also been seen to replace B. multivorans infections (15) . However, many centers in multiple countries are showing a shift within BCC infection incidence from predominantly B. cenocepacia to B. multivorans infections that is not fully understood (8) . These differences between B. cenocepacia and B. multivorans provide motivation for a comparative systems analysis of these two BCC species. Comparing and contrasting the metabolic functions of B. cenocepacia and B. multivorans can help elucidate their metabolic adaptability, mechanisms of pathogenicity, and other underlying contributors to differing clinical outcomes, such as cepacia syndrome.
Genome-scale metabolic reconstructions of multiple organisms can be used to study and predict phenotypic differences between related species or strains based on their genetic content (16) . For example, a recent study used the framework of two previously published reconstructions of Staphylococcus aureus N315, the ERGO bioinformatics suite and the KEGG pathway suite, to assemble a consensus species-level reconstruction of S. aureus. Strain-specific enzyme annotations were then incorporated to develop 13 reconciled models of S. aureus strains that identified differences in common essential enzymes (17) . Meaningful biological comparison becomes more complex when using species-level reconstructions. These reconstructions must be intensively curated in such a way that all artifacts from the model-building process are reconciled, as performed in the reconstruction-based comparison of two species of Pseudomonas (18) . Artifacts that must be reconciled include differences in naming conventions, reaction stoichiometries, and, importantly, annotations of gene functions and their implementation in gene-protein-reaction (GPR) associations. Proper reconciliation of genome-scale metabolic reconstructions is crucial for studying the genetic and phenotypic differences between the organisms.
Here, we present reconciled genome-scale metabolic reconstructions of B. cenocepacia and B. multivorans, two of the largest bacterial reconstructions built to date in terms of the numbers of genes and reactions incorporated, correlating with the large genomes of the pathogens. A previously published reconstruction of B. cenocepacia J2315, iKF1028, using the ToBiN reconstruction platform, accounted for 859 reactions, 834 metabolites, and 1,028 genes and was used as a reference for our curation efforts (19) . However, we chose to begin with draft reconstructions that were both built using the Model SEED tool (20) , currently the most widely used publicly available reconstruction platform, to aid our comparative analyses. Our B. cenocepacia reconstruction is substantially larger than iKF1028, while including much of the knowledge gained from this prior study. The reconstructions for B. cenocepacia J2315 and B. multivorans ATCC 17616 were developed and manually curated in parallel to ensure consistency in all aspects of the model-building process. In particular, the two reconstructions were reconciled in the annotation and assignment of orthologous gene functions, which span 1,437 common metabolic reactions.
The reconstructions of B. cenocepacia J2315 and B. multivorans ATCC 17616 are denoted formally as iPY1537 and iJB1411, respectively, following established naming conventions (21) . However, for the sake of clarity, iPY1537 and iJB1411 will be referred to as iBC and iBM throughout this article for "in silico B. cenocepacia" and "in silico B. multivorans," respectively. The reconstructions were validated by comparing growth predictions with substrate utilization experiments using B. cenocepacia J2315, B. cenocepacia K56-2, and B. multivorans ATCC 17616. Through the reconstruction and reconciliation process, we reannotated the functions of a collection of genes. Predictions of genes essential for growth were made by simulating in silico growth of iBC and iBM, which has relevance in drug target identification. Pathogenic characteristics of the two species were compared by predicting the production capacity of an array of metabolites involved in virulence. This study provides a framework for investigating the metabolic architectures of two clinically important BCC species, emphasizing metabolic connections to virulence and pathogenicity, as well as a guide for parallel reconstruction and comparison of genome-scale metabolic networks of related organisms.
MATERIALS AND METHODS
Metabolic reconstructions of B. cenocepacia and B. multivorans. The complete sequenced genomes of B. cenocepacia J2315 and B. multivorans ATCC 17616 were used as the starting points for the metabolic network reconstruction process shown in Fig. 1 . The J2315 strain of B. cenocepacia was isolated from a cystic fibrosis patient (22) , and the ATCC 17616 strain of B. multivorans was an environmental isolate obtained from the soil (23) . The DNA genomic sequences of B. cenocepacia J2315 (GenBank accession no. NC_011000 to NC_011003) and B. multivorans ATCC 17616 (GenBank accession no. NC_010084, NC_010086, NC_010087, and NC_010070) were downloaded from the NCBI GenBank database.
The Model SEED was used to generate draft reconstructions of B. cenocepacia and B. multivorans (20) . The Model SEED requires annotated genomes as input in order to produce draft reconstructions. While the finished annotation for B. cenocepacia had already been uploaded from NCBI and converted to the SEED format, the genome of B. multivorans was not included in the SEED database. The genome of B. multivorans was downloaded from the NCBI Genome database and was submitted to the RAST server for annotation (24) , and then the Model SEED was used to produce draft reconstructions of both species. Differences in annotation quality between these submission methods were evident in the resulting draft reconstructions and addressed during the manual curation process. We allowed SEED to gap-fill needed reactions to enable growth on SEED's
FIG 1
Overview of the reconstruction and reconciliation process. The annotated genomes of B. cenocepacia J2315 and B. multivorans ATCC 17616 were used to generate automated draft metabolic reconstructions using Model SEED (20, 70) . The gene-protein-reaction associations of the draft reconstructions were then further manually curated and annotated using information from online databases and literature references. Curation of the two reconstructions was done in parallel to ensure the proper assignment of homologous and orthologous genes. The reconstructions were then functionally curated through iterative validations of in silico and experimental data. The final reconciled models for B. cenocepacia and B. multivorans are designated iPY1537 and iJB1411, respectively, but are referred to throughout as iBC and iBM for clarity. Abbreviations: GPR, gene-protein-reaction; BLASTP, Protein Basic Local Alignment Search Tool; CDD, Conserved Domain Database; KEGG, Kyoto Encyclopedia of Genes and Genomes.
complex medium formulation (all exchange reactions open) and default biomass formulation in the draft construction process.
We then used biological databases such as KEGG (25) , Metacyc (26) , and the Burkholderia Genome Database (BGD) (27) to evaluate the draft reconstructions. Specifically, we used the gene and reaction annotations in KEGG and compared them with those of the draft reconstructions. Protein BLAST was used to determine genes that likely code for isozymes, both within each genome as well as between the two genomes. This process expanded the size of the models, as well as reduced the number of non-gene-associated reactions (gap-filled by SEED) needed in rich media to 15 reactions (11 unique enzymes), as shown in Table S1 in the supplemental material. Ten more reactions were used in gap-filling virulencerelated pathways and growth under particular minimal medium conditions. Thirty-seven reactions and 39 reactions were removed from the original SEED drafts of iBC and iBM, respectively, due to low annotation evidence, low likelihood of enzyme activity, or infeasible loops formed in the model. The final curated models iPY1537 and iJB1411 are available as spreadsheets in the supplemental material and as SBML files on the Papin lab website (http://www.bme.virginia.edu/csbl/downloads-burkholderia -cepacia.php).
FBA of iBC and iBM. Flux balance analysis (FBA) was used to assess in silico growth of iBC and iBM (28) . Mathematically, the FBA problem is formulated as follows: maximize v biomass such that Sv ϭ 0 and
In the FBA framework, the reactions of a metabolic network are represented using a stoichiometric matrix, S, such that the rows of S correspond to the metabolites and the columns correspond to the reactions. The elements of the matrix are the stoichiometric coefficients such that S ij is the coefficient for metabolite i in reaction j. At steady state, we have the relation Sv ϭ 0, where the vector v represents the fluxes of each of the reactions. The fluxes are conventionally in units of mmol/gDW/h (where gDW is g dry cell weight), with the exception of v biomass , which has units of h Ϫ1 (representative of the growth rate). Because Sv ϭ 0 is underdetermined, FBA uses linear programming to optimize the flux through an objective reaction (typically, the biomass reaction, denoted as v biomass ). The biomass reaction includes the relative weights of the metabolites required to form biomass and details of its formulation are described below and in the supplemental material. v min and v max are vectors of the upper and lower bounds of the reaction fluxes, respectively. Consequently, medium conditions are imposed by constraining the bounds of the exchange reactions, which represent the uptake and secretion of metabolites in the model (e.g., v min Ͻ 0 for a metabolite that is imported and v max Ͼ 0 for a metabolite that is secreted). The formulations of the different medium conditions are described in the supplemental material. All FBA simulations were conducted using the COBRA Toolbox in MATLAB (29) .
Biomass reaction formulation. Burkholderia-specific biomass reactions were formulated for iBC and iBM. To evaluate the capability of growth in a variety of environments and genetic backgrounds, the biomass reactions are often set as the objective functions in FBA, and the numerical value of the flux through the biomass reactions corresponds to the theoretical maximal growth rates under a given medium condition (30) . The constituents of the biomass reactions represent the molecular components that are required for growth. These molecular components are grouped according to the main macromolecular components, which include protein, DNA, RNA, lipopolysaccharide (LPS), peptidoglycan, glycogen, lipids, and polyamine pools. Burkholderia species exhibit unique fatty acid and lipid compositions, such as the presence of fatty acids containing cyclopropane rings, and these were accounted for in the formulation of the composition of the biomass reaction (31) . The biochemical reactions needed to synthesize many of these unique lipids and fatty acids have been included in the reconstructions based on work done previously (19) . The stoichiometric coefficients for constituents of the biomass reactions of iBC and iBM were based on experimental evidence for Burkholderia and related organisms where possible. Otherwise, values from the well-annotated biomass reaction of Escherichia coli were used (32) . Values specific to the two species were used when possible (e.g., RNA, DNA, and protein). Otherwise, for constituents not specific to either species, the same value was used for both reconstructions (e.g., lipids, fatty acids, cell wall, and ATP maintenance). The supplemental material describes the full process of formulating the Burkholderia-specific biomass reactions based on established methods (33) .
Predicting essential genes. Essential genes are defined as genes for which there is no in silico growth under a given medium condition (maximum flux through v biomass ϭ 0) when the reaction or reactions associated with that gene are removed from the network. To simulate the loss of a gene in the model, gene-protein-reaction (GPR) associations are evaluated to determine which reactions are not allowed to carry flux when the gene is removed. GPRs link genetic information, such as isozymes, gene duplications, and enzyme complexes, to the reactions in the reconstructions using Boolean logic. Perturbations of the GPRs enable the prediction of phenotypic changes as a function of genetic changes. For example, the fluxes for the reactions affected by a gene deletion are constrained by setting the corresponding v max and v min to 0, and the model is then optimized for growth to evaluate the effect of the missing gene.
In silico medium conditions. Medium conditions were formulated for lysogeny broth (LB), M9 minimal medium, and synthetic cystic fibrosis medium (SCFM) as in previous publications (34, 35) . The medium conditions were defined by setting the lower and upper bounds of the exchange reactions to specify metabolites that are available or unavailable. Full descriptions of the medium conditions are presented in the supplemental material. All medium conditions allow for the exchange of typical salts and water. LB contains amino acids, glucose, and salts. SCFM contains lactate in addition to similar carbon sources to LB; in addition, the uptake rates of all nutrients present in SCFM are constrained to 10 mmol/ gDW/h to represent the reduced nutrient availability in the cystic fibrosis lung environment, as done elsewhere (36) . In M9 minimal medium, a single carbon source is enabled for uptake at 10 mmol/gDW/h to represent tested compounds in in vitro Biolog growth screening (34) .
Prediction of virulence factor production capacity. Virulence factor production capacity was assessed by adding a demand reaction to the model for each virulence-related compound. Maximizing the flux through this reaction allows prediction of the maximum theoretical production level under a given medium condition, such as with each of the individual carbon substrates in SCFM. The trade-off between growth and virulence factor production was assessed by maximizing the flux through a demand reaction for each factor while constraining the biomass flux to various percentages of its maximum value when simulated under SCFM conditions. Network visualization. MetDraw was used to generate visual representations of the metabolic networks (http://www.metdraw.com; P. A. Jensen and J. A. Papin, submitted for publication). SBML versions of the models were used as inputs to MetDraw, and the resulting network visualizations were output as SVG files.
Growth phenotype screening. We conducted growth screening using Biolog PM1 and PM2A microplates (Biolog, Inc., Hayward, CA). Instead of adding redox dye and measuring oxidation of each carbon source included in the screen, we evaluated growth in each well using optical density measurements at 700 nm (OD 700 ) to avoid error due to pigment production. Bacteria were scraped from an LB plate and resuspended in Biolog inoculating fluid PM IF-0a GN/GP to reach an OD of 0.07. Biolog microplate wells were inoculated with 100 l of this suspension, and plates were then incubated at 37°C for 48 h. OD 700 was measured at time zero and every 12 h thereafter. Experiments with B. cenocepacia J2315 were carried out using two biological replicates each for PM1 and PM2A, while experiments with B. cenocepacia K56-2 and B. multivorans ATCC 17616 were performed using three biological replicates. Growth was evaluated based on the resulting growth curves and maximum change in OD for each carbon source compared to the maximum change in OD of inoculated control wells with no carbon source. Additionally, we evaluated the ability of each organism to catabolize cysteine and tryptophan, which are amino acids present in cystic fibrosis lung sputum but not included in the Biolog plates (35) . These amino acids were each added at concentrations of 20 mM to M9 salts to create cysteine and tryptophan minimal media. Colonies of each Burkholderia strain were scraped from LB plates and resuspended to reach an OD of 0.07 in each respective minimal medium. Three replicates of 200 l of each inoculated strain-medium combination were plated in a 96-well microplate and grown under conditions replicating the Biolog screen.
An alternate strain-specific network reconstruction of B. cenocepacia K56-2 was created by conducting a genome-scale reciprocal BLASTP with an E value cutoff of 0.01 with no low-complexity filter using CLC Main Workbench (CLC bio, Aarhus, Denmark). The genome sequence of B. cenocepacia K56-2, a strain isolated from a cystic fibrosis patient, has recently been published (Genbank accession no. ALJA00000000). Protein sequences were derived from annotated open reading frames (ORFs) in B. cenocepacia J2315 and B. cenocepacia K56-2 (83) . Results of this BLASTP comparison are included in Table  S2 in the supplemental material. Nearly all genes incorporated in iBC matched genes present in B. cenocepacia K56-2, and the 7 genes that did not have significant matches (E value of Ͼ10 Ϫ30 ) did not affect predictions in this study.
RESULTS

Metabolic network reconstructions.
Here, we present the metabolic networks of B. cenocepacia and B. multivorans as valuable tools that we use as a framework to perform our comparative analyses ( Fig. 1) . Figure 2A provides a quantitative comparison of the reconstructions in contrast to the previously published B. cenocepacia J2315 reconstruction (iKF1028) and the reconstruction of the closely related pathogen Pseudomonas aeruginosa PAO1 (iMO1086). It also highlights the substantial increase in scope of the reconciled network reconstructions. iBC accounts for the functions of 1,537 genes, 1,506 reactions, and 1,280 metabolites. iBM accounts for the functions of 1,411 genes, 1,473 reactions, and 1,245 metabolites. Most of the reactions for each reconstruction are broadly concentrated in lipid, amino acid, and carbohydrate metabolism (Fig. 2B ), but reactions in over 60 canonical metabolic pathways (as classified by KEGG) are included in the reconstructions. Figure 2C shows a map of the reconstructions that contrasts the shared and unique metabolic reactions of each species. (A high-resolution version can be found in Fig. S1 in the supplemental material.) iBC has nearly double the number of unique reactions compared to iBM as well as a substantially higher number of incorporated genes ( Fig. 2A ). There are more unique reactions in iBC in the amino acid and carbohydrate subsystems; however, iBM has more unique reactions in the lipid subsystem (Fig. 2B ). The reconstructions enable functional comparative analysis of these differences through examination of gene essentiality, growth capacity, and virulence factor production capabilities.
Model curation and validation. Substantial manual curation of the draft Model SEED reconstructions was performed in order to build an up-to-date knowledgebase of genetic and metabolic information for B. cenocepacia and B. multivorans and resulted in the addition of a substantial number of reactions. For example, we added 13 reactions to iBC involved in tryptophan catabolism and 17 reactions to iBM involved in phenylalanine catabolism that were missing from the original Model SEED draft reconstructions; species-specific functionality of the associated pathways had been investigated in Burkholderia cenocepacia J2315 in the literature (37, 38) . After databases and literature were canvassed as explained in Materials and Methods, B. cenocepacia J2315 and B.
multivorans ATCC 17616 were experimentally tested for growth on Biolog phenotype microplates to generate in vitro data to guide further curation decisions and enable validation of substrate utilization predictions.
The Biolog screen of B. cenocepacia J2315 showed markedly limited growth under many of the in vitro minimal medium conditions, ranging from no apparent growth to growth at a substantially lower rate than B. multivorans ATCC 17616 on many substrates. To further investigate this outcome, we also performed identical Biolog screens on B. cenocepacia K56-2 after noting nearly identical genomic content with respect to the metabolic genes incorporated in iBC, as shown in Table S2 in the supplemental material. Given the high sequence similarity between the B. cenocepacia strains, we used iBC to predict B. cenocepacia growth, which we compared with equivalent B. cenocepacia K56-2 in vitro data ( Fig. 3) and B. cenocepacia J2315 in vitro data. The same analysis was performed with iBM and B. multivorans ATCC 17616. Complete in vitro data and in silico growth comparisons for all assessed strains are included in Table S3 in the supplemental material.
When comparing growth between the two B. cenocepacia strains on the 192 carbon sources, 53 substrates enabled quantifiable growth of both J2315 and K56-2. Twenty-eight substrates did not enable quantifiable growth of J2315, in contrast to successful utilization by K56-2, while only 4 substrates enabled quantifiable growth of J2315 but no quantifiable growth of K56-2. Biolog plates introduce temporal limitations to assessing growth because of potential effects of evaporation after 48 h of incubation that complicate the evaluation of a slow-growing strain like J2315. The limited growth time frame as well as potential unaccounted for regulatory differences between strains may in combination explain the difference between in vitro results and in silico predictions that reflect the collected genetic evidence for the catabolic pathways in iBC. At minimum, this is an opportunity for comparative study in the future, as we found no metabolic evidence for the growth defects of J2315 compared to K56-2 within the context of our expansive models. Perhaps certain enzymes integral to basic metabolic processes are operating at low efficiency due to point mutations, or there are alterations in transcriptional control that could be addressed via a future integration of regulatory and metabolic reconstructions. In light of this, we chose to use B. cenocepacia K56-2 in vitro data when assessing the accuracy of our growth predictions as growth versus no growth on a given substrate was possible to assess confidently with the Biolog plates.
Of the 190 Biolog carbon source substrates experimentally tested, 102 substrates were accounted for in iBC and iBM and could be tested for in silico growth using FBA. In addition, growth on the two amino acids cysteine and tryptophan was separately evaluated given their presence in the CF lung, and discrepancies were identified during the curation process. After further curation efforts, iBC and iBM correctly matched the experimental growth phenotypes of 53 substrates for which transporters were incorporated in the reconstructions (44 correct growth and 9 correct nogrowth phenotypes each). For the other 31 substrates for which transporters were incorporated, iBC, iBM, or both failed to match experimental growth phenotypes. B. cenocepacia and B. multivorans did not exhibit growth in vitro on 14 substrates, and because iBC and iBM lack transporters for these substrates, they predicted correct no-growth phenotypes. Finally, 6 substrates did not have transporters in iBC and iBM; however, B. cenocepacia, B. multiv- orans, or both grew on the substrates in vitro. Overall, iBC and iBM predicted the correct growth phenotype with 75% and 76% accuracy (78 and 79 out of 104 substrates), respectively (see Table  S3 in the supplemental material). Sixty-seven substrates enabled the same accurate in silico and in vitro phenotypes in both models, 13 substrates showed the same type of discrepancy between in silico and in vitro phenotypes in both models, and the remaining 24 substrates showed discrepancies in phenotype between B. cenocepacia and B. multivorans. Although the remaining 88 carbon sources were not incorporated in the reconstructions and thus not analyzed in silico, B. cenocepacia and B. multivorans were capable of growing on 24 and 32 additional substrates in vitro, respectively. These data are provided in Table S3 .
With curation efforts guided by the in vitro data, iBC and iBM both underpredict growth on lysine, and iBM underpredicts growth on tryptophan (Fig. 3) . Genomic evidence to support the addition of reactions that would fix these inconsistencies could not be found. . The difference in branched-chain amino acid catabolism between reconstructions is due to the identification of three B. cenocepacia genes that appear to have high sequence similarity with the bkd operon of other bacteria, which enables catabolism of isoleucine, leucine, and valine (39) . These genes were not present in B. multivorans. However, neither species is capable of in vitro growth on valine or leucine, and B. multivorans is unexpectedly capable of in vitro growth on isoleucine (Fig. 3) . Comparative Metabolic Systems Analysis of Burkholderia These differences in experimental and in silico growth are potentially due to incomplete and/or incorrect annotations of genes in the databases. For example, while we explored homology of current hypothetical proteins with known enzymes in lysine catabolism, the homology may be below the thresholds we used, or novel lysine degradation reactions may exist. Another possible reason for the discrepancy is control by regulatory systems not accounted for in our current metabolic network reconstruction. These differences present opportunities for further study of metabolism of the BCC.
Through our curation of the models from the SEED drafts to the presented final versions, iBC gained 269 reactions and lost 116 reactions, and GPRs were substantively altered in a further 324 reactions. iBM gained 297 reactions, lost 106 reactions, and had a further 352 reactions subjected to GPR alterations. In summary, more than a third of each model's individual content is different from the original draft reconstructions due to major additions and improvements to both reactions and GPR formulations during the curation and reconciliation process, resulting in the identification of 1,437 reactions common to both iBC and iBM. The scope of these changes emphasizes the value of manual curation after automated network reconstruction, and the functional implications of these differences are presented below.
Refinement of genome annotation. Manual curation of iBC and iBM aided in the identification of many proposed genome annotation refinements of B. cenocepacia and B. multivorans. A subset of our changes and additions to GPRs were based on the assignment of novel function to genes previously annotated as coding for hypothetical or putative proteins. Many of the annotation refinements were the identification of potential isozymes and duplicated genes for a given reaction, but refinements also included genes that fill in gaps in model pathways and putative functional assignment of 10 hypothetical proteins. Table 1 summarizes these annotation refinements and a selection of other high-confidence refinements of interest. A table of moderate confidence annotations and list of reactions that are missing gene associations are included in Table S1 in the supplemental material. Examples of genome annotation refinements are presented below.
(i) Ornibactin synthesis. During our refinement process, we added pathways enabling the synthesis of ornibactin, a key Burkholderia-specific siderophore that the literature indicates is associated with increased virulence of some clinical isolates (48) . A model of ornibactin synthesis has been proposed based on a study of B. cenocepacia 715j transposon mutants identifying nonribosomal peptide synthases and associated enzymes grouped into an operon (the orb operon) that enables ornibactin production (49). This operon of 14 genes involved in ornibactin synthesis, export, and uptake was annotated in the BGD for B. cenocepacia J2315. However, despite identification of a likely orb operon induced by iron-responsive regulator Fur in B. multivorans ATCC 17616 (42), most of the B. multivorans genes are annotated as putative enzymes or hypothetical proteins in the BGD. We have incorporated the proposed synthesis pathways in both reconstructions and include the associated annotation updates in Table S1 in the supplemental material.
(ii) Ectoine degradation. As another example of a refinement that involves novel assignment of gene function, Fig. 4A shows our proposed annotation of orthologous hypothetical proteins encoded by BCAS0031 and Bmul_6140 as an essential enzyme in ectoine degradation. Ectoine, produced by many prokaryotes as a solute that assists in maintaining an osmotic equilibrium, can be used as a growth substrate by environmental bacteria, including some halophilic and soil bacteria (40) . Ectoine production has been shown to be upregulated under stress conditions and, interestingly, in mutant strains of soil bacteria that are resistant to antibiotics targeting the cell envelope (e.g., Streptomyces coelicolor) and protein synthesis (e.g., Nocardiopsis sp. strain FU40) (50, 51) . These studies theorize that ectoine upregulation may be part of a broad secondary metabolism response to changes in regulation due to resistance-related mutations. Through literature mining and similarity searches via BLASTP, we determined that BCAS0031 and Bmul_6140 have high similarities to Helo_3661 in Halomonas elongata DSM 2581 (E values of 10 Ϫ154 and 10 Ϫ155 , respectively) (40) . Through mutational studies, Helo_3661 was found to be an L-2,4-diaminobutyric acid transaminase (DoeD) and BCAS0031 and Bmul_6140 and the associated reactions in iBC and iBM were subsequently included. These genes are also part of apparent operons that also contain doeABC, lending credence to this reannotation (40) . A search for sequences similar to BCAS0031 and Bmul_6140 across all bacteria via BLASTP showed that many of the orthologous genes were annotated as encoding hypothetical proteins or generic class III aminotransferases. This refinement enabled a fully functional ectoine degradation pathway in the models that had not been previously identified in B. cenocepacia and B. multivorans genome databases or the literature.
(iii) Cepacian synthesis. Another type of model refinement is the gap-filling of metabolic pathways that are known to be present in Burkholderia. For example, as part of our effort to include pathways for the biosynthesis of virulence-related compounds, reactions required for the production of the Burkholderia exopolysaccharide cepacian were added. Literature evidence suggests that the production of GDP-D-rhamnose, one of the sugar residues of cepacian, is catalyzed by a GDP-D-mannose reductase (RMD) (41) . In Burkholderia vietnamiensis G4, the RMD protein is encoded by Bcep1808_4471, also known as bceM (52) . A similarity search of Bcep1808_4471 via BLASTP shows that bceM in B. cenocepacia and B. multivorans is carried by BCAM1003 and Bmul_4613 (E values of 10 Ϫ141 and 10 Ϫ129 , respectively). Although the BCAM1003 and Bmul_4613 products are currently listed as a putative epimerase and an NAD-dependent epimerase/dehydratase in the BGD, respectively, they have been assigned as RMDs in iBC and iBM, and we suggest a consistent update to the database annotations.
(iv) Tryptophan catabolism. The in vitro carbon source growth screens further aided in identifying gaps in iBC and iBM. In our growth screens, B. cenocepacia and B. multivorans were observed to grow on M9 minimal medium supplemented with tryptophan as the sole carbon source. However, the draft reconstructions initially could not grow in silico under these conditions. Literature mining revealed that kynurenine-3-monooxygenase (Kmo) catalyzes an essential reaction in the tryptophan degradation pathway (Fig. 4B) . A study identified orthologs of a cluster of tryptophan catabolic genes similar to those in Bacillus cereus 10897 in B. cenocepacia J2315, with the exception of the gene encoding Kmo, which suggests the existence of a nonorthologous form of Kmo in Burkholderia (37) . The reaction catalyzed by Kmo was then added to iBC and iBM without a gene assignment. This model refinement identifies a current gap in our genomic knowledge of Burkholderia, even though there is evidence for the enzy- matic reaction (Fig. 4B ) and the experimental screen provides evidence of its assumed function.
Further curation of the tryptophan degradation pathway led to refinements that showed species-specific differences. Literature evidence has shown that hydroxyanthranilate-3,4-dioxygenase (HaaO) also catalyzes an essential step required for the degradation of tryptophan in B. cenocepacia (37) . BCAM2130 encodes HaaO in B. cenocepacia; however, an ortholog could not be found via a BLASTP search in B. multivorans (Fig. 4B) . In this case, the reaction was included in iBC but not in iBM. Lack of HaaO and its reaction contributes to the inability of iBM to grow in silico with tryptophan as the sole carbon source. However, artificial inclusion of the reaction in iBM still did not allow for in silico growth, suggesting that other reactions needed for the catabolism of tryptophan are missing in iBM. This was one of the inconsistencies between the in vitro and in silico growth screens that we were unable to rectify through model refinement. This inconsistency demonstrates how the capability of the entire metabolic network is assessed when testing for growth; network gaps are not always direct or trivial and provide hypotheses for further experimentation.
(v) Rhamnolipid synthesis. Species-specific differences are also exemplified within the rhamnolipid synthesis pathway. Rhamnolipid production has been linked to enhanced P. aeruginosa virulence in the cystic fibrosis lung by enabling invasion of host epithelial cells and affecting biofilm assembly, structural maintenance, and dispersion (53, 54) . We located genes in B. cenocepacia that were previously unidentified as the rhamnolipid synthesis operon rhlABC but could not find genes encoding enzymes in this operon in B. multivorans (Fig. 4C) . The rhlABC genes in B. cenocepacia are BCAM2340, BCAM2338, and BCAM2336, which have BLASTP E values of 7 ϫ 10 Ϫ63 , 5 ϫ 10 Ϫ86 , and 4 ϫ 10 Ϫ63 to the orthologous genes in P. aeruginosa PAO1 (PA3479, PA3478, and PA1130, respectively). Our additions resulted in a functional rhamnolipid synthesis pathway in iBC, while iBM was unable to produce rhamnolipids. Currently we are unaware of literature supporting rhamnolipid production in B. cenocepacia or B. multivorans, but nonpathogenic Burkholderia thailandensis and Burkholderia plantarii as well as pathogenic Burkholderia pseudomallei can produce rhamnolipids under specific conditions (55) (56) (57) . However, a transcriptomic screening study by Sass et al. showed significant upregulation of the genes we identified as the rhl operon in B. cenocepacia during stationary-phase growth in minimal medium (58) . These studies support the likelihood of the ability of B. cenocepacia to produce rhamnolipids, which may contribute to the enhanced virulence of B. cenocepacia over B. multivorans during chronic lung infections.
Comparison of gene content. Our model curation efforts resulted in a high number of genes associated with each reaction in the reconstructions compared to other large, well-curated reconstructions. We counted the unique genes in the GPR of each reaction in each model, finding an average of 3.24 genes per reaction in iBC, 3.01 genes per reaction in iBM, and 1.9 genes per reaction in the P. aeruginosa reconstruction iMO1086. This increase in genes per reaction in the BCC reconstructions appears to be due to higher numbers of isozymes and gene duplications as implemented in GPRs and may be evidenced by the larger genomes of the BCC species compared to P. aeruginosa. By dividing the total number of genes associated with the reactions in each subsystem by the number of reactions in each subsystem, the average number of genes per reaction per subsystem was calculated (Fig. 5) . For context, the average numbers of genes associated with each reaction grouped by subsystems in iBC, iBM, and iMO1086 are compared.
While iMO1086 shows a higher number of average genes per reaction in a subset of amino acid metabolism pathways and a few other subsystems, overall, iBC has the most genes per reaction across all subsystems, followed by iBM and iMO1086. The most notable increases in the average number of genes associated with reactions in iBC over the other reconstructions are incorporated in lipid metabolism. However, iBM may have higher metabolic capacity in certain energy and carbohydrate metabolic pathways as it has a higher gene-per-reaction average in these pathways. Pathways where iBC and iBM have similar numbers of genes associated with a reaction include metabolism of amino acids as well as terpenoid and polyketide metabolism. The reconstructions offer a method of probing specific subsystems to identify gene duplications or isozymes that may indicate concentrated genetic redundancy. Gene essentiality. An important consequence of the presence of increased genes per reaction in iBC and iBM compared to reconstructions of other bacteria was the reduction in the number of genes predicted to be essential for growth. During in silico growth in LB medium, our models predicted 66 essential genes in iBC and 73 essential genes in iBM ( Table 2) . Sixty of these genes were orthologs between iBC and iBM, 6 genes were uniquely essential in iBC, and 13 genes were uniquely essential in iBM. In comparison, iMO1086 required 150 genes to grow in silico on LB (with an accuracy of 83.9%) (18) . Because iBM and iBC are not currently reconciled with iMO1086, we compared our predicted essential genes with a list of potentially essential P. aeruginosa PAO1 genes identified experimentally; these PAO1 genes had no recorded transposon mutants as identified in the Pseudomonas Genome Database based on genome-scale transposon mutagenesis libraries (59) . As shown in Table S4 in the supplemental material, 35 out of 78 predicted essential Burkholderia genes matched P. aeruginosa PAO1 probable essential genes using a BLAST comparison. Another 12 predicted essential Burkholderia genes matched PAO1 genes with likely isozymes or duplications. Two predicted essential Burkholderia genes had no match to any PAO1 gene locus. The low number of potential essential Burkholderia genes compared to other species corresponds with a recent study that created promoter-based conditional mutants to identify essential Burkholderia cenocepacia K56-2 genes (60). However, the authors saw unexpectedly low essential operon hit rates during their mutant library screening.
The difference between the overall number of essential genes in iBC and iBM compared to P. aeruginosa is likely due to the high number of isozymes and duplicate genes included in our GPRs as well as the comprehensive GPR curation, which added robustness to the performance of particular functions. Many of the predicted essential genes were located in expected pathways, such as nucleotide metabolism, energy metabolism, and lipid metabolism. The common essential genes represent opportunities to target both species with the same treatment. The high number of unique essential genes predicted for each species offers new hypotheses regarding species-specific targets in developing novel treatments for B. cenocepacia versus B. multivorans infections.
When the unique essential genes predicted for each model were compared, a gene associated with dihydrofolate reductase (DHFR) was only present in iBM. DHFR, coded for by Bmul_2221, is the target of trimethoprim, an antibiotic commonly effective against pathogens such as E. coli and Haemophilus influenzae (61) . However, trimethoprim has shown variable effectiveness against different strains of the BCC (62), and our essentiality analysis indicates no apparent matching essential gene in iBC. Instead, two genes were associated with this reaction in iBC by the Model SEED tool. One gene, BCAL2915, is annotated as dfrA, a trimethoprim-resistant variant of the DHFR gene (63) , and has high similarity to Bmul_2221. The other gene, BCAL1859, is annotated on the BGD as a hypothetical protein. When conducting a BLASTP search with BCAL1859, the most similar functionally annotated matches were to DHFR genes in Deinococcus and Aeromonas species (E values of ϳ10 Ϫ50 and ϳ10 Ϫ40 , respectively) with no other highly similar matches. Interestingly, a study of in vitro antimicrobial susceptibility determined that B. multivorans ATCC 17616 is notably more susceptible to trimethoprim than B. cenocepacia J2315, with a MIC of 2 mg/liter compared to 64 mg/ liter (62) . Determination of whether this apparently rare variant of DHFR (BCAL1859) is connected with the elevated trimethoprim resistance of B. cenocepacia J2315 would require further experimental study, but the identification of a previously unannotated DHFR isozyme in the more virulent of our two BCC species of interest is an important consequence of our comparative study of essential genes.
Virulence factor production capacity. Our models enable in silico investigation of how the nutritional environment of the cystic fibrosis lung contributes to production of important factors in initial colonization and chronic infection by Burkholderia. iBC and iBM were used to predict the ability of each species to produce an array of virulence-related molecules while under varied growth demands or when presented with limited nutritional resources. We include prototypical virulence factors, such as biofilm-related exopolysaccharide cepacian, immune response triggering, phagocytosis-resistant lipopolysaccharide (LPS), and quorum sensing signals that enable communication with other bacteria (64) . We also include the production of rhamnolipids due to their role in biofilm formation and regulation, as previously mentioned. Intracellular signaling molecules such as the polyamines putrescine and spermidine are not essential for growth in many environments, but their loss induces significant phenotypic changes in various bacteria and they are considered important in the regulation of biofilm production and other virulence pathways (65) . Ornibactin enables iron acquisition, and salicylate potentially acts as a siderophore and is also required for production of other siderophores; both compounds have been connected with enhanced virulence both clinically and in animal models (48) . Homogentisate is a precursor of the melanin-like pigment produced by some Burkholderia species that provides protection from reactive oxygen and nitrogen species (66, 67) .
We evaluated the in silico production capacities of each of these compounds under different growth and medium constraints, as explained in Materials and Methods (Fig. 6) . We analyzed the trade-off between virulence factors and biomass by predicting the maximum production of each virulence factor under a given requirement for biomass flux in SCFM (Fig. 6A) . For the majority of the virulence factors that iBC and iBM can produce, production capacity decreases approximately linearly as the percentage of maximum biomass flux constraint is increased (Fig. 6A) . However, both models predict that ornibactin and homogentisate can be produced at a sustained level over a wide range of growth rates until constrained by the demand for resources necessary for nearoptimal levels of biomass production. Also, both models predict that maximum cepacian production occurs at non-zero biomass production requirements. This dependency between cepacian production and growth is a result of complex interrelationships between cofactors and by-products upstream of the cepacian biosynthesis pathway. Additionally, while iBC is capable of de novo synthesis of all of the tested virulence factors, iBM contains in-complete biosynthetic pathways for the production of spermidine, salicylate, and di-rhamnolipid, resulting in the inability to produce these molecules. The models enable the identification of both the missing genes that entirely prevent production and altered upstream pathways that limit final production levels of a given virulence factor in iBM.
The relationship between changing in vivo nutrient resources, colonization, and infection has been highlighted as an understudied potential target of novel therapies in an array of host-pathogen relationships (68) . To better understand the role of the individual components of SCFM in the production of the various virulence factors, we assessed in silico virulence factor production capacities on each carbon source present in SCFM without any biomass flux constraints (Fig. 6B) . The production capacities for each virulence factor were normalized by the maximum possible value across the different individual carbon sources for that molecule. For both models, on average, tyrosine and glucose were the carbon sources that contributed the most toward the production of the virulence factors. An example of an exception is that tyrosine contributes greatly to cepacian production in iBC but not in iBM (Fig. 6B) . Homogentisate is produced at high levels on L-phenylalanine for both iBC and iBM, but other factors are only produced at average levels on the same substrate. The models also predict that each virulence factor can be produced at some level on any single carbon source that also enables growth in that model, as shown in Fig. 3 . These results suggest variabilities in virulence factor production given changing substrate availability and predict potential pathways to target for therapeutic virulence inhibition.
To evaluate the potential production advantage imparted by each analyzed substrate to the full set of virulence factors, we averaged the virulence factor production capacity for all compounds by each substrate in Fig. 6C . The results suggest that general virulence factor production is well supported by catabolism of L-tyrosine, D-glucose, L-arginine, and L-ornithine and poorly supported by glycine, D-lactate, and L-serine. B. cenocepacia has higher-capacity averages on all substrates capable of supporting virulence compound production. The difference in averages of substrates supporting any virulence factor production in both models highlights a potential species-specific substrate preference for L-proline by B. cenocepacia. Ultimately, these analyses offers an interesting set of hypotheses regarding substrates that may be important for maximal virulence activity during infection of cystic fibrosis patients, identify potential variations in substrate preferences between each Burkholderia species, and emphasize the enhanced pathogenic abilities of B. cenocepacia in comparison to B. multivorans.
DISCUSSION
This study involved the parallel generation and comparison of two new genome-scale metabolic reconstructions for the multidrugresistant pathogens B. cenocepacia and B. multivorans. The reconstructions share 1,437 reactions, with 68 additional reactions unique to iBC and 36 additional reactions unique to iBM. iBC accounts for the function of 1,537 genes, while iBM accounts for the function of 1,411 genes. The reconstructions incorporated pathways necessary for growth on an array of substrates, speciesspecific biomass formulations, and virulence factor synthesis pathways common to related bacteria as well as specific to BCC pathogens. Models were validated using experimental growth screens on over 100 carbon sources, including substrates abundant in the cystic fibrosis lung environment. This process enabled us to refine the genome annotations of each species by reannotating an array of hypothetical and putative proteins, evaluate the consequences of the large genomes of B. cenocepacia and B. multivorans via GPR comparisons, make predictions regarding unique and shared essential genes for each pathogen, and evaluate the enhanced virulence factor production capacity of B. cenocepacia in comparison to B. multivorans.
The reconstructions provide a framework for contextualizing the genes of B. cenocepacia and B. multivorans in relation to growth and virulence factor production capacities. iBC and iBM are new tools that can enable the interrogation of interdependent functions of the large BCC genomes. The reconstruction process guided our evaluation of the current genome annotations and in several cases led us to propose annotation refinements. Additionally, our comparison of in silico predictions with in vitro growth screening identified pathways that were clearly functional in vitro, such as lysine degradation and tryptophan degradation, that we could not make function in silico by addition of any known enzymes/genes. Thus, this analysis highlighted potentially uncharacterized enzymes that enable the function of certain pathways in Burkholderia and may also be active in other organisms. Our genome annotation refinements also generated model-driven hypotheses that can be followed up experimentally, such as the species-specific production of rhamnolipids and spermidine and the degradation of ectoine.
Tools for semiautomatic generation of genome-scale metabolic models have proved useful for expediting the reconstruction process (69) (70) (71) . In this study, using the Model SEED pipeline to concurrently generate the two reconstructions aided the manual curation and reconciliation phases since the differences in content and function between the two reconstructions could more easily be tracked and evaluated in parallel. The parallel curation process also ensured that the two reconstructions were of higher detail and quality than if the two reconstructions were developed in isolation, since genetic evidence for reactions were exhaustively crosschecked between the two species. It is unlikely that our reconstructions have incorporated every metabolic function of each species, and further curation will be required as the BCC knowledgebase grows. Growth prediction discrepancies on lysine, tryptophan, and branched-chain amino acids have highlighted areas to be investigated further experimentally.
The size and scope of the reconstructions in addition to high average gene count per reaction likely contributed to the reduced number of predicted essential genes in comparison to other reconstructions. To date, while there are emerging computational efforts to predict essential genes (72) , no complete transposon mutagenesis library of B. cenocepacia or B. multivorans is available, and our network-driven in silico gene essentiality predictions serve as hypotheses for future work. The essential genes predicted to be unique to each species also offer interesting opportunities for targeted therapeutics. Given the general similarity of the network architectures in terms of the common incorporated reactions, the unique essential gene sets are a novel outcome of our comprehensive formulation and comparison of the GPR associations.
Our comparative analysis enabled system-wide evaluations as well as the evaluation of a single reaction or gene functionality that could be tied to a particular model prediction, which is a strength of genome-scale metabolic modeling. Modeling reaction activity using the reconstructions and constraint-based analysis allowed us to evaluate altered production capacity between models due to specific reaction differences in upstream pathways that limited final production levels. These analyses provide specific, testable hypotheses regarding important metabolic functions that are less intuitive than hypotheses generated through gene essentiality analysis alone.
Ultimately, each comparative analysis performed in this study supports the conclusion that B. cenocepacia has enhanced metabolic capacity over B. multivorans. The predicted growth rate on most in silico media of iBC was equal to or higher than that of iBM and notably higher on SCFM, a medium designed to replicate the environment of the cystic fibrosis lung (see Table S3 in the supplemental material). iBC also showed higher capacity for virulence factor production over iBM on a range of substrates found in CF lung sputum. Our reconstruction process enabled the organization and functional evaluation of the increased genetic redundancy (e.g., isozymes and gene duplications) across a range of pathways that were available to potentially supplement any disrupted gene function in iBC compared to iBM. This added genetic redundancy resulted in both metabolic robustness and increased opportunity for the evolutionary divergence of duplicated genes to perform new functions (73) . We have shown that these reconciled metabolic reconstructions offer a way to develop and investigate intriguing hypotheses for the enhanced virulence of B. cenocepacia-a higher capacity for genetic adaptation in the CF lung in addition to the flexibility provided by a large number of distinct catabolic pathways.
In summary, our reconciled metabolic models of the emerging multidrug-resistant pathogens B. cenocepacia and B. multivorans are valuable tools that can aid in comparative analysis of metabolic capacity, identification of novel therapeutic targets and strategies, and prediction of key phenotypes of pathogenesis. Here, we have thoroughly characterized the metabolism of the type strains of B. cenocepacia and B. multivorans. Our network reconstructions can be used to contextualize high-throughput transcriptomic and proteomic data (58, (74) (75) (76) (77) to provide further insight into gene regulation and downstream phenotypes. Additionally, our reconstructions can be used as established starting points to analyze pathogenesis and physiology of the growing list of sequenced Burkholderia strains, including both clinical and environmental isolates (78) . The other members of the BCC are also human pathogens, while related species Burkholderia mallei and Burkholderia pseudomallei are dangerous bioterror agents that would be ideal candidates for in silico study. Other nonpathogenic Burkholderia species are of great interest to metabolic engineering projects in bioremediation and agricultural biotechnology as soil pathogens that excel in catabolism of certain pollutants as well as the production of antimicrobials that protect plant health (79, 80) . Given their notably large genomes and capacity for metabolic adaptation as a key factor in pathogenesis, the reconstructions of B. cenocepacia and B. multivorans offer tremendous potential for future development of treatment strategies to combat chronic infections and a model for the metabolic analysis and comparison of similar dangerous pathogens.
